Abstract A fully kinetic particle-in-cell/Monte Carlo model is employed to self-consistently study the effects of fast-ion injection on sheath potential and electric field profile in collisional magnetized plasma with a floating absorbing wall. The influences of the fast-ion injection velocity and density, the magnetic field and angle θ0 formed by the magnetic field and the x-axis on the sheath potential and electric field are discussed in detail. Numerical results show that increasing fast-ion injection density or decreasing injection velocity can enhance the potential drop and electric field in the sheath. Also, increasing the magnetic field strength can weaken the loss of charged particles to the wall and thus decrease the potential and electric field in the sheath. The time evolution of ion flux and velocity distribution on the wall is found to be significantly affected by the magnetic field.
Introduction
Fast-ion populations play an increasingly important role in the dynamics of magnetically confined plasmas and related studies, which have spanned a period of more than several decades. Fast-ion populations can be created by fusion reactions, neutral beam injection and radio frequency heating [1] . In general, these fast particles are important for the energy balance of fusion plasmas, either for heating or current drive processes [1∼3] . Because of the large excursions of their orbits and high velocities, fast ions interact in a different way with the plasma and electromagnetic field compared to thermal charged particles. Therefore it is important to understand the dynamics of fast ions and their interaction with the bulk plasma. Detailed information about the behavior of fast ions in fusion plasmas was reviewed in Ref. [1] , where the origin and velocity distribution of fast ions, and related dynamics were presented. In addition, the confinement of fast ions is particularly important, due to the reason that significant losses of these ions may drastically reduce the heating as well as the current drive efficiency and cause damage to plasma-facing components in the vacuum vessel. This is especially important in large fusion devices like the International Tokomak Experimental Reactor (ITER), where even a small fraction loss of energetic ions may be intolerable [4] .
However, due to the collective instabilities driven by the fast ions [5] and interactions with magnetohydrodynamic instabilities [4, 6] , some of the fast ions cannot be confined by the magnetic field and are lost to the wall. These fast ions have significant effects on the plasma-wall interaction and have to be taken into consideration. Also, the sputtered material from the wall, due to the bombardment of fast ions, can considerably affect the core plasma. The plasma sheath, a transition region between the plasma and wall, plays an important role in the plasma-wall interaction. During the past decades, the properties of the plasma sheath have been investigated theoretically, using free fall [7] , boundary layer [8] , fluid [9∼12] and kinetic theories [13] , and also experimentally [14] by many authors. Matching the plasma potential at the plasma-sheath boundary [15] leads to the conclusion that in collisionless and weakly collisional plasmas, ions must have a directed velocity into the sheath ≥ C s ≡ (T e + T i )/m i , where T e and T i are the electron and ion temperature, respectively, and m i is the ion mass. Also, experimental data [14] , obtained with emissive probes and Langmuir probes, show that the potential drops over the presheath and transition sheath region are of the order of T e /e and 2T e /3e, respectively, increasing with pressure. Furthermore, the structure of plasma sheath with magnetic field, which makes the problem more complex, has been investigated using the dynamic theory [16∼18] and fluid theory [19] and marked effects of magnetic fields on the sheath properties have been found. However, to our knowledge, there are few investigations on the influences of fast ions on the sheath properties of magnetized plasmas in contact with a wall, especially in collision regions. Hence, one-dimensional particle-in-cell (PIC) simulations are performed using Monte Carlo (MC) methods to self-consistently analyze the influences of fast ions on the sheath properties in magnetized two-component plasmas, with collisions between charged particles. The influences of fast-ion beam velocity, density and magnetic field on the plasma sheath and the particle flux onto the wall are investigated in detail.
This paper is organized as follows: A brief description of the model used for the present study is shown in section 2. In section 3 the simulation results are discussed. Finally, the conclusions of the study are drawn in section 4.
PIC/MC simulation models
The schematic diagram of simulation for fast ions moving in the magnetized plasma is shown in Fig. 1 . Now consider a Cartesian coordinate system with r= {x, y, z}, which is immersed in a large volume of magnetized plasma with density n 0 . The magnetic field B 0 applied in the plasma is homogeneous and directed along the y axis. Now consider a fast ion beam with velocity u and density n p moving in the magnetized plasma.
The equations of motion for charged particles are
Here r α j , v α j , Z α and m α are the positions, velocities, charges, and mass of the charged particles. We shall use the subscripts α = e for electrons, α = i for ions and α = p for the injection ions. The electric field E = −∇φ is determined by Poisson's equation
where n i , n e and n p are the density of plasma ions, electrons and injected fast ions, respectively. A 1d3v electrostatic particle-in-cell (PIC) code is used for the simulation. The motions of the charged particles are considered to be along the x-axis, perpendicular to the wall. The numerical integration of the motion equations for all charged particles is performed by a standard leap-frog algorithm. The Lorentz forces in Eq. (2) are treated with the Boris rotation [20] . The simulation region is composed of N x = 812 grids in the x-direction, with the total length L x = 162.4λ De in this direction. We have adopted an average 100 superparticles per cell, which has been varied to check the stability of the results. To simulate finite plasmas, we take the floating absorbing boundary condition on the right wall. For the left boundary condition, we consider the plasma in the equilibrium state with an electric field, here E = 0. And the position where n i ≈ n e is defined as the sheath edge, which evolves with time. Here, a hydrogen plasma with mass ratio m i /m e = 1836 and ion charge q = e is considered. The bulk plasma density, electron and ion temperatures are n 0 = 10 20 m −3 , T e = 10 eV and T i = 10 eV, respectively. In addition, protons each with fixed charge Z p = e and mass m p = 1836 m e are taken to be the injection fast ions. The fast-ion beam density has a Gaussian shape and the beam density n p is considered to be variable in the simulation.
For numerical calculation, it is useful to introduce the following dimensionless variables:
e 2 is the Debye length of the plasma electrons, v Ti = k B T i /m i is the thermal velocity of plasma ions, k B is Boltzmann constant, and T e and T i are the electron temperature and ion temperature, respectively. In fusion plasma, we have T e = T i .
In the Monte Carlo model, the Coulomb collisions between the injection fast-ions and electrons, the electrons and protons, and the injection fast-ions and protons are taken into account through the method proposed by TAKIZUKA and ABE [21] , in which the simulation region is divided into cells and charged particles are grouped within each cell. Randomly chosen pairs of particles undergo binary collisions. The resulting scattering angle is sampled through a Gaussian distribution to compute the change in velocities. The method computes each small-angle collision and thus needs a small time step, in contrast to the method proposed by NANBU [22] . Fig.1 The schematic diagram of simulation for fast ions moving in magnetized plasma
Results and discussion
The sheath properties are mainly determined by the electric field in it. We first show in Fig. 2 the potential φ (normalized by k B T e /e) and electric field E (normalized by k B T e /eλ De ) distribution in the simulation region for different fast-ion densities, with initial fast-ion injection velocity v/v Ti = 95 and magnetic field B 0 = 3.1 T, perpendicular to the x-axis. One can clearly see from this figure that, with increasing ion beam density, the sheath expands slightly towards the bulk plasma. In addition, the magnitudes of the potential and electric field in the sheath are also seen to be enhanced for higher fast ion density. Namely, at every point, the higher the injected particle density, the larger the potential drop or the electric field in the sheath. This can be understood by the fact that the injected fast ions can significantly influence the spatial distribution of background charge and more exactly increase the net space positive charge in the sheath, leading to an enhancement of electric field and potential in the sheath.
Furthermore, increased fast ions can increase the probability of interactions between the fast ions and background particles, which may be another reason for the increased electric field and potential in the sheath. The simulation results are consistent with theoretical predictions.
We also investigated the influences of fast-ion velocity on the sheath potential and electric field, as shown in and other parameters kept the same as in Fig. 2 . One can clearly see that, as the injected ion velocity increases, the sheath potential drops and the electric field decreases significantly. Decreasing injection velocity leads to the fact that more fast ions can be confined by the magnetic field in the plasma sheath, resulting in an increase of net space charge in the sheath. This should be the main reason for the enhanced potential drop and electric field in the sheath, as displayed in the figure. The effects of different intensities of magnetic fields (perpendicular to the x-axis) on the potential and electric field in the plasma sheath are presented in Fig. 4(a) and (b), where the fast-ion beam density n p is fixed at 2.0×10 19 m −3 and other parameters are kept the same as those used in Fig. 3 . One can see that, with the increase of the magnetic field intensity, the sheath shrinks visibly, and both the potential and electric field decrease in the sheath. When a charged particle moves in the magnetic field (not along the magnetic line), its motion is restricted by the cyclotron motion, whose radius is proportional to the particle mass. So an electron's directed motion along the x-axis is much more strongly restrained by the magnetic field B 0 than ions. As the magnetic field increases, the number of electrons lost to the wall decreases, and thus the net space positive charge in the sheath decreases, resulting in a decreasing sheath potential and electric field, as shown in Fig. 4(a)  and (b) .
In all of the investigations above, the magnetic field is always directed along the y-axis. We next studied the effects of the direction of magnetic field on the sheath potential. Fig. 5 shows the potential profile for different angles between the magnetic field and the x-axis: Fig. 5 , a small decrease in angle θ 0 greatly decreases the sheath potential. However, the sheath thickness is almost independent of the angle θ 0 . It can be easily understood that, as the angle θ 0 decreases, the magnetic field component B y along the y-axis decreases. Hence, the net space charge and sheath potential are enhanced with increasing magnetic field B y , as discussed in Fig. 4 . It should be noted here that in Fig. 5 the sheath thickness is almost independent of the angle θ 0 , while in Fig. 4 the sheath shrinks as the magnetic field (along y-axis) strength increases. Furthermore, the effects of the magnetic field (yaxis) strength on the velocity distribution of fast ions absorbed at the wall are shown in Fig. 6 , where the fast-ion beam density is fixed at n p = 2.0 × 10 19 m
−3
and the other parameters are the same as those used in Fig. 4 . It is shown that the velocities of absorbed ions mainly lie in the regions between 50v Ti and 70v Ti , due to the reason that the fast ion beam, which moves from plasma-sheath interface to the absorbing wall, would collide with plasma ions and electrons in the sheath, during which the high-energy fast-ions lose their energy and thus their velocities decrease. In particular, as the magnetic field strength increases, the velocity distribution is increasingly concentrated due to the confinement of injected fast-ions by the strong magnetic field. The time evolution of fast-ion flux on the wall for the fast-ion injection velocities of v/v Ti = 65, 95, 125 and 155 are plotted in Fig. 7 , where the fast-ion beam density n p and magnetic field B 0 are fixed at and 2.0 × 10 19 m −3 and 3.0 T, respectively. One can clearly see from this figure that all four curves display a centersymmetry distribution. As the injection velocity increases, the peak flux rises significantly with the peak position shifted to time t = 0. This is because with increasing velocity, the velocity component v x and also the Larmor radius of fast ions increase, leading to more ions being lost to the wall and less time for ions travelling to the wall. We also investigate the effects of different magnetic fields on the time evolution of fast-ion flux to the wall. Fig. 8 shows the ion flux onto the wall as a function of time t at the magnetic fields of 0 T, 1 T and 3 T, respectively, for a fixed injection velocity of 45v Ti and ion density n p = 2.0 × 10 19 m −3 . Initially, there are no fast-ions absorbed by the wall until t = 60 ω −1 pe , and then the ion flux begins to increase and reaches its maximum around t = 100 ω −1 pe . We can observe that both the profile and magnitude of the ion flux are significantly affected by the magnetic field. As the magnetic field strength increases, the time for the ion flux to reach its peak is reduced while the peak intensity decreases with a long tail (at a later time). As the magnetic field decreases to zero, the profile (black line) trends to center-symmetry, similar to the Gaussian distribution. This leads to a conclusion that the magnetic field rather than collisions with plasma electrons and ions has a greater effect on the fast-ion transport in the magnetically confined fusion plasmas. In other words, the motion of injected fast ions perpendicular to the magnetic field become increasingly restricted with increasing magnetic field strength. Furthermore, the injection of fast ions exhibits influences on the spatial distribution of plasma electrons, as shown in Fig. 9 . One can see from this figure that a density disturbance occurs near the injection position, where the electric field is reversed, pointing to the bulk plasma region due to the fact that electron density is larger than ion density. In the sheath, we still see a positive space charge region.
Conclusion
In this paper, a fully kinetic particle-in-cell/Monte Carlo model is employed to self-consistently study the effects of injected fast ions on the sheath potential and electric field profile in a collisional magnetically confined fusion plasma with a floating absorbing wall. The influence of the fast-ion injection velocity and density, the magnetic field and angle θ 0 formed by the magnetic field and the x-axis on the sheath potential and electric field are discussed, respectively.
Numerical results show that increasing fast-ion injection density or decreasing velocity increases the sheath potential and electric field. The enhancement of sheath potential is explained by the increased net space charge in the sheath due to the injection of fast ions. The sheath potential and electric field under the influences of different magnetic fields, including different magnitudes and directions, are also investigated. As the magnetic field (along y-axis) strength or angle θ 0 formed by the magnetic field and the x-axis increases, both the sheath potential and the electric field decrease. It should be noticed here that the sheath thickness is strongly dependent on the component of magnetic field in the y-axis, but almost independent of the angle θ 0 .
Magnetic field significantly affects the time evolution of ion flux and velocity distribution on the wall. As the magnetic field increases from 1.0 T to 3.1 T, the peak width of velocity distribution becomes narrower and the peak is shifted to high velocity region at B 0 = 3.1 T, where high energy ions diffuse towards the low energy region. Increasing the magnetic field decreases ion velocity, leading to a prolonged time for ion flux to bombard on the wall. The injection of fast ion disturbs the background charged particle distribution.
Furthermore, our results indicate that the magnetic field and injected ion beam have significant effects on sheath properties at the wall in magnetically confined fusion plasmas. In our further work, we will extend our one-dimensional PIC/MC simulation model to the twodimensional case, which is thought to be closer to the reality. 
